Research in contextEvidence before this studyMitochondrial disorders (MDs), primary defects in mitochondrial energy metabolism, are a diagnostically challenging, clinically and genetically heterogeneous group of diseases, caused by mitochondrial or nuclear DNA mutations. Knowledge of disease prevalence is crucial in guiding physicians' attention in patient care and resource allocation in both public health management and biomedical research. Regarding MDs with autosomal inheritance, the most comprehensive study so far identified 62 clinically affected individuals in the population of North East England equating to a minimum point prevalence of 2.9 (95% CI 2.2--3.7) in 100,000 and an estimated lifetime risk of 5.9 (5.0--6.9) in 100,000.Added value of this studyWe utilised the publicly available gnomAD database comprising 123,136 exomes and 15,496 genomes, as well as our own 14,130 in-house exomes to provide the lifetime risk data for 249 nuclear-encoded autosomal recessive MDs. The combined lifetime risk estimate was up to 48·4 in 100,000, corresponding to almost 1 in 2000 people. This implies that of the appr. 5 million newborn babies per year in the European Union, around 2500 will develop a nuclear-encoded recessive MD during their lifetime. Moreover, we could rank all 249 disorders by their prevalence and define the disorders with the highest lifetime risk as being caused by mutations in the *SPG7, ACADM, POLG* and *SLC22A5* genes.Implications of all the available evidenceThe study highlights the substantial cumulative prevalence of autosomal recessive MDs and suggests that previous phenotype-based epidemiological investigations largely underestimated their prevalence. These data are valuable for clinical, genetic and pharmaceutical applications alike. Knowledge of disease prevalence is crucial in guiding physicians' attention in patient care and resource allocation in both public health management and biomedical research. The data are especially relevant in view of the substantial and further growing number of MDs amenable to specific treatment strategies.Alt-text: Unlabelled box

1. Background {#sec0004}
=============

Mitochondrial disorders (MDs) are a group of clinically and genetically extremely heterogeneous disorders. Here we use the term MDs to describe diseases with a primary defect in the entire route of the pyruvate oxidation process, including the pyruvate dehydrogenase complex, the citrate cycle and the respiratory chain including ATP synthase (respiratory chain complexes I-V). In this regard, the requisite "support machinery" of mitochondrial DNA (mtDNA)-related protein synthesis (including mtDNA replication, mitochondrial RNA metabolism, and mitochondrial translation), the metabolism of mitochondrial cofactors and finally mitochondrial homeostasis (including protein import into mitochondria, lipid metabolism, fusion and fission, quality control etc.) is accordingly taken into account. MDs can result from mutations in both the mtDNA and the nuclear DNA (nDNA) genes, since both genomes code for mitochondrial proteins [@bib0001]. While the mtDNA codes for two rRNAs, 22 tRNAs, and 13 poly-peptides, it is estimated that mutations in the mtDNA are responsible for 15--30% of childhood-onset and over 50% of adult-onset cases of MD \[[@bib0002],[@bib0003]\]. The proteins encoded by the nDNA comprise the large majority of respiratory chain complex I - V subunits, their assembly factors, and proteins involved in the "support machinery" [@bib0004], [@bib0005], [@bib0006]. To date, pathogenic variants in more than 306 nDNA genes have been identified and the number continues to grow on a high pace [@bib0005].

Currently, there is only limited epidemiological data on MDs. The point prevalence of childhood-onset and adult-onset MDs combined was estimated to be at least 20 in 100,000 [@bib0007]. For childhood-onset disease, the point prevalence was reported as 4·7 - 6·2/100,000 in studies where the clinical diagnosis was confirmed by biochemical or genetic evidence \[[@bib0008],[@bib0009]\]. For adult-onset MD, a combined point prevalence of 12·5/100,000 was reported in northern England, with a prevalence of 9·6/100,000 for mtDNA mutations and 2·9/100,000 for nDNA mutations [@bib0010]. To date, prevalence estimations were based on clinical diagnoses, potentially generating an ascertainment bias towards patients with classical symptoms of MD and overlooking those with atypical presentations.

Therefore, taking a different approach, we calculated the lifetime risk of nuclear-encoded MDs based on the frequency of pathogenic and likely pathogenic variants in genetic databases under the assumption of the Hardy-Weinberg equilibrium. This is the first study providing lifetime risk data for all autosomal recessive MDs using a population-based genotype approach. These data are valuable for clinical, genetic and pharmaceutical considerations alike.

2. Methods {#sec0005}
==========

[Fig. 1](#fig0001){ref-type="fig"}. shows a schematic diagram of the experimental design. Our study was performed following the GATHER statement guidelines [@bib0011].Fig. 1Analysis diagram showing the experimental design. A comprehensive set of genes for autosomal recessive mitochondrial disorders was defined based on a review of the literature. ClinVar and HGMD were queried to collect the total number of disease causing variants for each gene. In addition, loss of function variants in our in-house database and gnomAD were considered pathogenic. These variants were evaluated for their pathogenicity according to the ACMG guidelines. The lifetime risk of mitochondrial disorders was calculated based on the allele frequencies of these variants in the gnomAD dataset as well as in our in-house database.Fig 1

All raw data used for this study has been uploaded to figshare (<https://figshare.com/>; DOI: 10.6084/m9.figshare.11366027).

2.1. Ethics {#sec0006}
-----------

The study was conducted within a research project approved by the local ethics committee of the Technical University in Munich (\#5360/12S).

2.2. Defining the gene list {#sec0007}
---------------------------

We thoroughly reviewed the literature available via PubMed to collect a comprehensive list of MD disease genes. We included all genes coding for enzymes involved in the (1) pyruvate oxidation process, including the pyruvate dehydrogenase complex, (2) the citrate cycle, (3) the respiratory chain including ATP synthase (respiratory chain complex I-V), (4) mtDNA replication, mitochondrial RNA metabolism and mitochondrial translation, (5) the metabolism of mitochondrial cofactors and their metabolism and, finally (6) mitochondrial homeostasis (including protein import into mitochondria, lipid metabolism, fusion and fission, quality control etc.) that were reported in association with MD in two or more independent patients [@bib0012].

In total, 306 genes were selected of which 249 are encoded by the nuclear DNA and have been associated with autosomal recessive MDs. These were used to estimate the total calculated lifetime risk (Supplementary Table 1).

2.3. Defining the set of pathogenic variants {#sec0008}
--------------------------------------------

First, we assessed the publicly available databases ClinVar (<https://www.ncbi.nlm.nih.gov/clinvar/>), Human Gene Mutation Database (HGMD, <http://www.hgmd.cf.ac.uk/ac/index.php>), and Human DNA Polymerase Gamma Mutation Database (<https://tools.niehs.nih.gov//polg/>, as of May 2018) and collected all variants which have been submitted as "pathogenic" or "likely pathogenic" in at least one of these databases. According to the American College of Medical Genetics and Genomics (ACMG), "likely pathogenic" correlates to a probability of 90% that a variant will be disease-causing [@bib0013]. We assumed that the subgroup of variants of uncertain significance (VUS) that are in fact disease-causing would compensate for the proportion of likely pathogenic variants that are benign polymorphisms. Additionally, our in-house exome database was queried for variants not listed in any of the above databases but classified as pathogenic or likely pathogenic according to the guidelines for the interpretation of sequence variants developed by the ACMG [@bib0013]. All frameshift, nonsense and splice variants were included as they most likely result in a loss of function.

Second, in order to avoid an overestimation, we took a number of precautions. The pathogenicity of each variant from our list was re-evaluated with the information available in public databases. Variants were excluded if they were 1) listed as VUS in ClinVar, 2) found in a homozygous state in gnomAD or ExAC and 3) when publications listed in PubMed raised doubt on pathogenicity. For variants with conflicting interpretation of pathogenicity in ClinVar we reviewed the literature and evaluated the pathogenicity according to the ACMG criteria.

For the phenylalanine hydroxylase gene *(PAH)*, we first collected 837 variants from ClinVar, HMGD and our in-house database, and later excluded 277 (33·1%) variants, mostly because of uncertain significance, summing up to 560 likely pathogenic or pathogenic variants. For the 249 MD genes analysed in the present paper, we collected 37,857 variants and later excluded 530 (1·4%) of the variants (as listed in Supplement 2).

2.4. Estimation of the lifetime risks of diseases {#sec0009}
-------------------------------------------------

The lifetime risk is defined as the proportion of a population that at some point in life will develop the disease. The expected lifetime risk *R~i~* for an autosomal recessive MD caused by mutations in nDNA gene *i* was calculated from the sum of the allele frequencies *q~ij~* of the *n~j~* disease-causing variants in the respective gene under the assumption of Hardy-Weinberg equilibrium and mutual independence of these rare variants. Biallelic combinations of variants were considered to be fully penetrant. Accordingly:$$R_{i} = \left( {q_{i1} + q_{i2} + \ldots + q_{in_{i}}} \right)^{2} = \left( {\sum\limits_{j = 1}^{n_{i}}q_{ij}} \right)^{2}$$

The combined lifetime risk *R~total~* for developing one of the assessed MDs was calculated by summation of the lifetime risks of each of the diseases, assuming that these rare disorders are independent of each other and do not occur together.$$R_{total} = \;\sum\limits_{i}R_{i} = \sum\limits_{i}\left( {\sum\limits_{j = 1}^{n_{i}}q_{ij}} \right)^{2}$$

Due to low numbers, 95% confidence intervals (95%CI) were calculated using the Clopper-Pearson Exact method [@bib0014].

Two databases were utilized to assess the allele frequencies of disease-causing variants in the general population. First, the genome Aggregation Database (gnomAD, <http://gnomad.broadinstitute.org/>) comprising 123,136 exomes and 15,496 genomes from unrelated individuals of various disease-specific and population genetic studies was queried. In gnomAD, allele frequencies of all identified variants are provided for different ethnic backgrounds. We assessed the prevalence in both the European (Non-Finnish) population and in the overall dataset encompassing European (Non-Finnish), Finnish European, African, Latino, Ashkenazi Jewish and East and South Asian individuals. Second, the in-house database of the Institute of Human Genetics, containing exome sequencing data of healthy unrelated individuals and patients with various genetic disorders, was used as an independent data source. To prevent selection bias in the analysis of our in-house database, we excluded individuals with homozygous or compound heterozygous variants, which were causative for the respective disease as well as their parents, leaving 14,130 individuals (28,260 alleles) in May 2018.

To verify the validity and feasibility of our method, we used phenylketonuria (PKU) as proof of concept. PKU is an autosomal recessive disease resulting from deficiency of phenylalanine hydroxylase (PAH). There are no predominant common mutations in PKU, which ensures that pathogenic variants segregate independently of each other. The lifetime risk of PKU is equivalent to the birth prevalence in population-wide metabolic newborn screening programs. There is a significant variability of country-specific prevalence of PKU in Europe [@bib0015]. As the European gnomAD dataset is mainly based on individuals living in North-America that largely descend from immigrants from Britain and Germany we used the newborn screening results made available by the German Society for Newborn Screening ("Deutsche Gesellschaft für Neugeborenenscreening", DGNS e.V., <http://www.screening-dgns.de>), from 2004 to 2015 ([Table 1](#tbl0001){ref-type="table"}) as a control dataset [@bib0016]. These data were compared to the calculated lifetime risk for PKU, based on the variant allele frequencies in datasets of European origin in gnomAD and in our in-house database. In addition, biotinidase deficiency (BD), medium chain Acyl-CoA dehydrogenase deficiency (MCADD) and very-long-chain-acyl-CoA-dehydrogenase deficiency (VLCADD) which are mitochondrial disease genes and for which newborn screening data is available were used as further validation.Table 1Comparison of the calculated lifetime prevalence with the birth prevalence of PKU, MCADD, BD and VLCADD per 100,000 according to the German National Screening Report.Table 1PKUMCADDBDVLCADDCalculated liftetime riskgnomAD dataset (European)16·0 (14·5--17·6)7·9 (7·0--8·9)2·1 (1·8--2·5)1·3 (1·1--1·6)gnomAD dataset (worldwide)8·2 (7·6--8·9)3·3 (3·0--3·6)1·2 (1·0--1·3)0·64 (0·55--0·74)in-house database12·3 (9·8--15·3)4·8 (3·6--6·3)0·35 (0·20--0·60)0·45 (0·26--0·75)Average birth prevalence in Germany[@bib0016]18·7 (16·9--21·6)9·8 (7·6--12·4)3·9 (2·6--5·7)1·2 (0·5--2·3)

Overestimation of the lifetime risk could occur in this approach in benign variants being falsely interpreted as pathogenic (non-sampling error) or in the setting of pathogenic variants conferring reduced penetrance (parameter uncertainty). Conversely, underestimation of the lifetime risk could occur as a consequence of exclusion of variants not identified by exome sequencing such as pathogenic large deletions or insertions as well as intronic splice variants (non-sampling error). In addition, not all coding variants, which are predicted to be pathogenic, were considered as we limited screening to those which have already been published or are present on well-established platforms such as ClinVar (non-sampling error). To date, there are no reports of polygenic inheritance for MD, which could lead to specification uncertainty if present. Of note, our calculations are based on the gnomAD as well as our in-house database, which do not represent an ideal random sample therefore leading to sampling error. This however is reduced by comparing the results from two databases.

2.5. Statistical analysis {#sec0010}
-------------------------

Statistical analysis was performed using R 3.6.2. Comparison between the calculated lifetime risks based on the European gnomAD population and the overall dataset was done using a 2-tailed Wilcoxon signed ranks test using the R package "MASS". Lin\'s Concordance Correlation Coefficient was calculated using the R package "DescTools". Bland-Altman-Plots were drawn using the R package "BlandAltmanLeh".

3. Results {#sec0011}
==========

3.1. Estimation of the lifetime risk of PKU, MCADD, BD and VLCADD as a proof of concept {#sec0012}
---------------------------------------------------------------------------------------

A total number of 174 (likely) pathogenic variants in *PAH* was identified in the gnomAD dataset. The sum of their allele frequencies was 0·0111 in the European (Non-Finnish) and 0·0091 in the total gnomAD dataset resulting in a calculated PKU lifetime risk of 16·0 (14·5--17·6 95% CI)/100,000 in the European (Non-Finnish) population and of 8·2 (7·6--8·9)/100,000 in the total dataset. In the in-house database, 82 variants were identified collectively with 313 disease-causing alleles among the 14,130 individuals. Accordingly, the combined frequency of these variants was 0·0111 resulting in a calculated PKU prevalence of 12·3 (9·8--15·4)/100,000. These estimated lifetime risks for PKU, in particular the one for the European gnomAD dataset (16·0 (14·5--17·6)/100,000) are very close to the birth prevalence in the German newborn screening (18·7 (16·9--21·6)/100,000). Moreover, birth prevalences from newborn screening were also available for three recessive MDs. Again, the calculated lifetime risks were very similar to the birth prevalences in medium chain Acyl-CoA dehydrogenase deficiency *(*MCADD, disease gene *ACADM),* biotinidase deficiency (BD, *BTD*) and very-long-chain-acyl-CoA-dehydrogenase deficiency (VLCADD, *ACADVL*) (see below, [Table 1](#tbl0001){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}a).Fig. 2Calculated life time risk for the most prevalent autosomal recessive mitochondrial disorders. Comparison of the lifetime risks of different monogenic nuclear mitochondrial diseases according to the in-house database and gnomAD dataset calculated independently for the European population and the overall dataset. Error bars represent 95%-confidence intervals. (a) depicts the lifetime risk for genes \>1/100,000 in any population as well as for the remaining 220 genes. (b) shows the lifetime risk for genes with a lifetime risk \>0.02/100,000 in any population.Fig 2

3.2. Estimation of the lifetime risk of autosomal recessive MDs {#sec0013}
---------------------------------------------------------------

The numbers of all (likely) pathogenic variants in the most frequent MD genes are depicted in [Table 2](#tbl0002){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"} and in all MD genes in Supplementary Table 3. A detailed list of these variants and their associated allele frequencies in our in-house database and gnomAD can be found in the online material on figshare (<https://figshare.com/>).Table 2Lifetime risk of the most frequent mitochondrial diseases per gene.Table 2GeneNumber of disease-causing variants in-house databaseNumber of disease-causing alleles in-house databaseNumber of disease-causing variants in gnomADdatasetNumber of disease-causing alleles in gnomAD dataset (European, Non-Finnish population)Number of disease-causing alleles in gnomAD dataset (worldwide)Lifetime risk in-house database per 100,000 (95%CI)Lifetime risk in European (Non-Finnish) population (gnomAD dataset) per 100,000 (95%CI)Lifetime risk in worldwide population (gnomAD dataset) per 100,000 (95%CI)***SPG7***31195107116016845·2 (3·8--6·6)8·4 (7·5--9·4)3·7 (3·4--4·1)***ACADM***2419580112615844·8 (3·6--6·3)7·9 (7·0--8·9)3·3 (3·0--3·6)***POLG***35174137105016973·7 (3·3--4·1)6·9 (6·1--7·8)3·7 (3·4--4·1)***SLC22A5***271867796119114·3 (3·2--5·8)5·8 (5·1--6·5)4·8 (4·3--5·2)***BTD***2653955859450·35 (0·20--0·60)2·1 (1·8--2·5)1·2 (1·0--1·3)***ACADVL***2526110878911830·45 (0·26--0·75)1·3 (1·1--1·6)0·64 (0·55--0·74)***CPT2***1669723827660·60 (0·36--0·95)0·91 (0·74--1·10)0·76 (0·66--0·88)***TRMT5***535233685420·16 (0·08--0·30)0·84 (0·68--1·04)0·38 (0·32--0·45)***CLPB***1961333465100·47 (0·27--0·77)0·75 (0·60--0·92)0·34 (0·28--0·40)***HADHA***1448563105460·29 (0·16--0·51)0·60 (0·48--0·75)0·39 (0·33--0·46)***COQ8A***2664663095230·51 (0·30--0·84)0·60 (0·47--0·75)0·36 (0·30--0·42)***CEP89***1969413004340·60 (0·36--0·95)0·56 (0·44--0·70)0·25 (0·20--0·30)***LIPT1***839312823850·19 (0·10--0·36)0·50 (0·39--0·63)0·19 (0·16--0·24)

As the most frequent autosomal recessive MDs we found adult-onset neurological disorders due to mutations in *SPG7* and *POLG. SPG7* encodes a mitochondrial metalloprotease, and biallelic mutations of *SPG7* cause *spastic paraplegia 7* (MIM \#607259) [@bib0017]. Based on the gnomAD dataset, the calculated lifetime risk is 8·4 (7·5--9·4)/100,000 in Europe (Non-Finnish), and 3·7 (3·4--4·1)/100,000 worldwide. Based on the in-house database, the calculated lifetime risk is 5·2 (3·8--6·6)/100,000.

*POLG* encodes mitochondrial DNA polymerase gamma. Mutations of *POLG* cause a broad range of autosomal recessive disorders ranging from an often early lethal *mitochondrial DNA depletion syndromes 4A/B* (MIM \#203700/\#613662), *progressive external ophthalmoplegia* (MIM \#258450) to *mitochondrial recessive ataxia syndrome* (MIM \#607459). Additionally, autosomal dominant progressive external ophthalmoplegia due to *POLG* mutations has been described (MIM \#157640). Genotype-phenotype comparison shows that different variants cause different conditions depending on their location and their potential to reduce exonuclease or polymerase activity, therefore complicating our assessment of the lifetime risk of *POLG*-related disorders \[[@bib0018],[@bib0019]\]. In this study, we analysed all pathogenic variants independent of the inheritance mode, as the combination of these variants in a biallelic state, though linked with different phenotypes, will all be disease-causing. Our method of estimating the lifetime risk of a genetic disorder cannot be applied to autosomal dominant disorders as population databases will be depleted of their pathogenic variants. Therefore, the *POLG*-associated autosomal dominant disorders are not included in the analyses. The allele frequency of *POLG* mutations was 0·0083 in the European (Non-Finnish) gnomAD dataset, 0·0061 in the total gnomAD dataset and 0·0074 in the in-house database, resulting in lifetime risk estimates for *POLG*-associated disorders of 6·9 (6·1--7·8), 3·7 (3·4--4·0) and 3·7 (3·3--4·1)/100,000, respectively. Previously, the point prevalence of *POLG*-related mitochondriopathies was reported as 0·3 (0·1--0·6)/100,000, not including early onset mitochondrial depletion syndrome 4A which is often lethal in infancy [@bib0010].

Other disorders with a high calculated lifetime risk were inborn errors of metabolisms (IEMs) with secondary impairment of mitochondrial function due to mutations in *ACADM, SLC22A5, BTD* and *ACADVL*.

For medium-chain-acyl-CoA-dehydrogenase deficiency (MCADD) caused by *ACADM* mutations, one of the most common inborn errors of fatty acid metabolism, 80 pathogenic/likely pathogenic variants were verified in the gnomAD dataset and the combined frequency of these variants is 0·0089 in the European (Non-Finnish) and 0·0057 in the total dataset, leading to a lifetime risk of 7·9 (7·0--8·9)/100,000 in the European (Non-Finnish) population and of 3·3 (3·0--3·6)/100,000 in the total dataset. In the in-house database, 24 different disease-causing variants were verified in 195 disease-causing alleles among the 14,130 individuals, implying a combined frequency of 0·0083, and leading to a calculated MCADD lifetime risk of 4·8 (3·6--6·3)/100,000.

Systemic primary carnitine deficiency (CDSP, MIM \#212140) is a metabolic disorder of the carnitine cycle due to SLC22A5 mutations. The estimated lifetime risk of CDSP was 4·3 (3·2--5·8)/100,000 based on the in-house database, 5·8 (5·1--6·5)/100,000 in Europe (Non-Finnish), and 4·8 (4·3--5·2)/100,000 worldwide based on the gnomAD dataset.

*BTD* mutations lead to a disorder of biotin metabolism - biotinidase deficiency (BD, MIM \#253260), and *ACADVL* mutations result in very long-chain acyl-CoA dehydrogenase deficiency (VLCADD, MIM \#201475) which is an inborn error of fatty acid oxidation. The calculated lifetime risk of BD was 0·35 (0·20--0·60)/100,000 according to our in-house database, which was less than the risk of 2·1 (1·8--2·5)/100,000 according to the European (Non-Finnish) and 1·2 (1·0--1·3)/100,000 in the whole gnomAD dataset. The lifetime risk of VLCADD was 0·45 (0·26--0·75)/100,000 based on our in-house database, 1·3 (1·1--1·6)/100,000 and 0·64 (0·55--0·74)/100,000 according to the European and overall gnomAD dataset, respectively. The calculated lifetime risks of MCADD, VLCADD and BD were compared with data from the German newborn screening report further validating the method used in this study (see above and [Table 1](#tbl0001){ref-type="table"}). MCADD has a calculated lifetime risk of 7·9 (7·0--8·9)/100,000 according to the European gnomAD dataset whereas the incidence is 9·8 (7·6--12·4) according to the newborn screening data. The calculated lifetime risks of BD and VLCADD were 2·1 (1·8--2·5)/100,000 and 1·3 (1·1--1·6)/100,000, respectively, comparing to 3·9 (2·6--5·7)/100,000 and 1·2 (0·5--2·3)/100,000.

Next, we calculated the minimal combined lifetime risk of all autosomal recessive MDs, resulting in a combined lifetime risk of 48·4 (40·3--58·5)/100,000 based on the European (Non-Finnish) population in the gnomAD database, 31·1 (26·7--36·3)/100,000 based on the worldwide gnomAD dataset, and 31·8 (20·9--50·6)/100,000 based on our in-house database. Notably, there were 29 MDs with a calculated risk of more than 0·02/100,000 according to the European (Non-Finnish) population ([Fig. 2](#fig0002){ref-type="fig"}b). The combined risk of these 29 diseases was 25·9 (18·5--36·6)/100,000 based on our in-house database, 42·3 (36·3--49·2)/100,000 in Europe (Non-Finland), and 24·4 (21·6--27·5)/100,000 in total gnomAD, corresponding to 81·5%, 87·4% and 78·5% of the overall risks, respectively.

3.3. Calculating the estimated lifetime risk based in different populations based on loss of function variants {#sec0014}
--------------------------------------------------------------------------------------------------------------

Calculated lifetime risks for the individual monogenic disorders as well as the combined lifetime risk for autosomal recessive MD in general are depicted in [Table 2](#tbl0002){ref-type="table"}. Bland-Altman plot and concordance correlation coefficient of the log-transformed risk values (Suppl. [Fig. 1](#fig0001){ref-type="fig"}) revealed a high degree of correlation (ρ~c~ = 0·938) between the risks derived from the European dataset and those derived from the worldwide dataset. On average, the native, i.e. non-transformed risks appeared to be lower (*p* = 0·013, *Z* = −2.5, Wilcoxon signed rank test) when based on the worldwide dataset ([Fig. 2](#fig0002){ref-type="fig"}). We hypothesized that this discrepancy arises from a bias in the queried databases HGMD and ClinVar for ethnicity-specific pathogenic variants as most of the submitters are based in the USA and Europe (<https://www.ncbi.nlm.nih.gov/clinvar/docs/submitter_list/>). Therefore, we compared the estimated lifetime risks by only including loss of function variants (namely nonsense, frameshift and splice variants) in the calculations as these are considered disease-causing regardless of a listing in any mutation database. Apparently, there was no significant difference anymore between the lifetime risks based on the European and the worldwide dataset (Wilcoxon signed rank test: *p* = 0.32, *z* = −1.0). We conclude, that the actual lifetime risks of most MDs are therefore closer resembled by the calculations based on the European gnomAD dataset.

4. Discussion {#sec0015}
=============

The gnomAD dataset provides allele frequencies for different ethnical backgrounds, allowing the calculation of lifetime risks for each of the selected MDs based on the European (Non-Finnish) population only, or on the entire dataset additionally including Finnish European, African, Latino, Ashkenazi Jewish, East Asian and South Asian individuals. It should be noted that the ethnical composition of gnomAD does not reflect the world population and the data therefore do not yield worldwide lifetime risks. By comparison, our in-house database comprises 14,130 exomes from mostly Caucasian individuals. The exact ethnical composition of the in-house database is however unknown, as the ethnical background was not routinely documented.

The method of the present study has been used previously to assess lifetime risk for single genes [@bib0020], [@bib0021], [@bib0022], [@bib0023], [@bib0024]. For conditions covered by newborn screening, the lifetime risk equals the biochemical prevalence at birth, therefore enabling us to compare our calculated PKU data with the newborn screening reports. The small difference of 2·7/100,000 between the calculated lifetime risk in Europe and the newborn screening data in Germany for PKU likely results from the fact that our lists of pathogenic mutations cannot be 100% complete and due to our inability to detect non-coding mutations as well as pathogenic deletions and duplications with exome sequencing data which are responsible for a significant subset of disease causing variants [@bib0025]. Unavoidably, there will always remain pathogenic mutations that have evaded identification.

We were also able to validate our method by comparing the lifetime risks of medium-chain-acyl-CoA-dehydrogenase deficiency (MCADD), very-long-chain-acyl-CoA-dehydrogenase deficiency (VLCADD) and biotinidase deficiency (BD) with data from the national newborn screening report. As depicted in [Table 1](#tbl0001){ref-type="table"}, the calculated lifetime risk of these conditions based on the European gnomAD dataset approximates the data published by the German National Screening program, further validating the applied method. We conclude that our method for assessing the lifetime risk of autosomal recessive disorders provides reliable data, with minimal risk of overestimation due to stringent variant exclusion criteria.

Of note, we calculated the lifetime risk assuming full penetrance. There are no reports about reduced penetrance for autosomal recessive MDs. However, there are examples such as Thrombocytopenia absent radius (TAR, MIM \#[274000](274,000){#interref0010}) syndrome where alleles are not disease-causing when present in homozygosity but in combination with a null allele [@bib0026]. We cannot exclude the presence of variants that convey reduced penetrance but our method and framework can serve as a basis to detect these when thoroughly comparing calculated data with data from rare disease registries that are being established at the moment.

Our data provides the first estimation of the minimal overall lifetime risk of recessive MDs collectively. This lifetime risk is 48·4 (40·3--58·5) and 31·1 (26·7--36·3)/100,000 based on the European and overall gnomAD dataset, respectively. One limitation of our study is that the employed method of calculating lifetime risks is only applicable for autosomal recessive diseases. We feel, however, that these data provide a very valuable complement to the epidemiological data known for mtDNA-related MDs. In accordance with the overall gnomAD dataset, our in-house database calculates a lifetime risk of 31·8 (20·9--50·6). The difference between the risks based on the European and the overall gnomAD data is significant (*p* = 0·013, *Z* = −2.5, Wilcoxon signed rank test). As the main reason for this difference we assume the European and American predominance in genetic research and diagnostics which likely has identified already most of the frequent Caucasian pathogenic variants while a number of variants from other ethnical backgrounds probably have not been published yet. This hypothesis is supported by the fact that there is no statistical difference between the calculated lifetime risks based on the European and the overall dataset when only considering loss of function variants listed in gnomAD (Wilcoxon signed rank test: *p* = 0.32, *z* = −1.0). Additionally, the selective pressure of consanguinity in certain communities could reduce the frequencies of carriers for autosomal recessive disorders.

In summary, we provide estimation of the lifetime risk of all known autosomal recessive MDs based on population genotypes. The combined lifetime risk estimate is up to 48·4 in 100,000, corresponding to almost 1 in 2000 people. This implies that around 2500 of the approximately 5 million newborn babies per year in the European Union will develop a nuclear-encoded recessive MD during their lifetime.
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Data sharing {#sec0017}
============

Individual participant data will not be made available. Aggregate data, specifically the final list of variants that were rated as "pathogenic" and "likely pathogenic" and the respective number of carriers within the gnomAD dataset and the Munich in-house database will be made available. No other documents will be made available. Anyone who wishes to access the data for any purpose can access the data immediately following publication without an end date from Figshare (<https://figshare.com/articles/Untitled_ItemLIFETIME_RISK_OF_AUTOSOMAL_RECESSIVE_MITOCHONDRIAL_DISORDERS_CALCULATED_FROM_GENETIC_DATABASES/11366027>).
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